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The stability of a topical ointment primarily consisting of an emulsion of propylene glycol 
droplets dispersed in a continuous white petrolatum medium was studied using optical 
methods to monitor droplet size growth and phase separation when the ointment undergoes 
heating or fluid shear.  To investigate the effects of shear, ointment at 32°C was sheared 
using a transparent narrow-gap temperature-controlled Couette flow apparatus operated 
under laminar flow conditions and that provided approximately uniform shear rates. 
Optical microscopy was used to obtain time-dependent in-situ propylene glycol droplet 
size distributions, while simultaneously a wide-field lens and camera were used to detect 
gross phase separation as the ointment was sheared. Microscopy was also used to observe 
and quantify ointment stability via analysis of droplet size evolution in the absence of fluid 
shear for a range of elevated temperatures. For quiescent ointment, it was observed that the 
dispersed propylene glycol droplets do not exhibit any appreciable growth over a period of 
two months and temperatures as high as 45°C. In contrast, fluid shear imposed at 32°C was 
observed to cause rapid growth of dispersed phase droplets and the onset of large phase 
separated regions on time scales ranging between a few minutes to approximately half an 
hour for fluid strain rates ranging between 50 s-1 and 5 s-1, respectively. Also in order to 
use CFD technique to simulate ointment behavior in different situation a rheological model 
is suggested due to non-Newtonian behavior of the ointment. Furthermore, a novel 
experimental method is used using a wide gap Couette reactor to predict the values of the 
properties of the mentioned model.  
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CHAPTER 1.    INTRODUCTION 
Emulsions are very common in various industries such as the petrochemical, 
pharmaceutical, and food industries, among others. Emulsifying techniques and emulsion 
behaviors have been widely investigated due to the applications and demands of industry 
(Rahn-Chique and Urbina-Villalba 2017; Li et al. 2009; (Dinkgreve, Velikov, and Bonn 
2016; Li et al. 2009; Nonomura and Kobayashi 2009). In the pharmaceutical industry one of 
the key concerns after manufacturing emulsions is postponing de-emulsification as much as 
possible. Emulsions can be destroyed by at least two mechanisms. First, it may be possible 
that small droplets dissolve into the continuous phase and the resulting act as seeds for 
dissolved molecules to diffuse to them and thus form larger droplets. Alternatively, collisions 
between droplets can result in droplet coalescence. In the second mechanism, the stability of 
the emulsion depends on the characteristic collision time scale as well as the drainage time of 
the thin film separating droplets from each other which most of the times known as phase 
separation (Bibette, Leal Calderon, and Poulin 1999).  
The main objective of this dissertation is to understand droplet breakage and 
coalescence rates in a petrolatum-based ointment that will help Pfizer with technology 
transfer for moving from one site or equipment to another without interfacing phase 
separation. To reach these objectives, the following deliverables need to be provided: 
A. Experimental measurements of droplet coalescence rates under varying rates 
of shear, for the given formulation of interest  
B. Method development for observing and quantifying droplet size distributions 
subjected to varying shear rates 
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It became evident during the investigation that droplet breakage in the subject 
ointment occurs only at elevated temperatures and very high shear rates that arise during 
manufacture of the ointment. In contrast, droplet coalescence and eventual phase separation 
between the dispersed propylene glycol and continuous petrolatum phases occurs at lower 
shear rates and lower temperatures typical of those encountered during packaging and normal 
usage of the final product. 
This dissertation is divided into the three chapters. In the second chapter, a 
rheological model of the ointment is derived by implementing an experimental method. 
These data can be helpful in simulating the draining tank shear stresses. The results of this 
chapter were presented at the AIChE annual conference 2018. In the third chapter, the effect 
of temperature on droplet coalescence in absence of shear rate and effect of shear rate on a 
constant temperature ointment are investigated. Finally, in chapter 4 conclusions will be 









CHAPTER 2.    DETERMINATION OF RHEOLOGICAL PROPERTIES 
Introduction 
Direct measurement of quantities such as the distribution of shear rate in a draining 
tank is quite difficult. However these data are necessary to understand and predict ointment 
behavior in the draining tank. As it will be discussed in the following chapter, the shear rate is 
one of the key stimuli affecting droplet coalescence and, as a result, calculating the shear rate 
distribution in the relevant fluid handling equipment is important. The approach which usually 
is taken is to use computational fluid dynamics (CFD) to predict fluid strain rates. Such 
calculations, however, require the knowledge of the fluid rheology. Hence, the structure of this 
section is as follows. First, we describe a rheological model that captures the most important 
features of the subject ointment. Second, we discuss the evaluation of the rheological model 
parameters, including novel experiments used to directly measure the yield stress.  
 
Rheological Model 
The Pfizer ointment exhibits both shear-thinning and yield-stress behavior and is 
therefore non-Newtonian. Yield-stress behavior refers to the condition where the fluid does 
not deform under a shear stress continuously, unless the stress is higher than a critical amount. 
It is also possible that the fluid is thixotropic, but such behavior was not investigated. Because 
of its non-Newtonian nature, the effective fluid viscosity, which directly impacts the droplet 
coalescence rate, strongly depends on the fluid shear rate and a constitutive relation is required 
to model the dependence of the fluid shear stress on the strain rate. One such equation that 
incorporates both shear thinning and yield-stress features is the Herschel-Bulkley model, 
4 
which can be expressed as : 
       
         ,  (2.1) 
 
where 𝜏𝜏𝑦𝑦 is the yield stress,  ?̇?𝛾 is the shear rate, 𝜂𝜂 is called the consistency index, and the 
exponent 0 < n <1 accounts for the shear-thinning behavior. Note that when the shear stress is 
less than the yield stress, i.e. 𝜏𝜏𝑟𝑟𝑟𝑟  <  𝜏𝜏𝑦𝑦 , the material does not deform continuously and 
therefore acts as a solid. The above model can be related to the more familiar Newtonian stress-
strain relation by expressing it as 
 
         ,  (2.2) 
 
hence the effective viscosity 𝜇𝜇eff depends upon the strain rate. In order to make use of the 
Herschel-Bulkley model (Eq. 2.1) to predict fluid behavior, the three parameters 𝜏𝜏𝑦𝑦 , 𝜂𝜂, and n 
must be determined experimentally. In principle it is possible to use viscometry to generate 
stress-strain data and then to fit these three parameters to the data using nonlinear regression. 
However, even with only three parameters and a relatively simple nonlinear expression, the 
global best fit can be difficult to locate accurately.  
In order to reduce the number of fitted model parameters, we chose to determine 
𝜏𝜏𝑦𝑦  independently by using a wide-gap Couette flow apparatus. By rotating the inner cylinder 
at sufficiently low angular velocity while keeping the outer cylinder fixed, a velocity field 
(circular Couette flow) with a single velocity component is generated, 𝑣𝑣𝑟𝑟(𝑟𝑟). As was discussed 
previously, an angular momentum balance on a differential element within the fluid leads to 
5 
the following equation, 
 
          ,    (2.3) 
 
Equation (2.3) only assumes that there is a single velocity component,  𝑣𝑣𝑟𝑟(𝑟𝑟), and it is 
valid for any fluid regardless of its rheology. The integration constant C1 can be evaluated by 
measuring the torque, T, required to spin the inner cylinder at constant angular velocity ω by 
imposing the boundary condition 𝑟𝑟 =  𝑟𝑟𝑖𝑖, 𝜏𝜏𝑟𝑟𝑟𝑟 = 𝑇𝑇/2𝜋𝜋𝑟𝑟𝑖𝑖2𝐿𝐿, leading to the following 
expression: 
 
        ,    (2.4) 
 
In Equation (2.4), L represents the wetted length of the rotating inner cylinder. It is 
evident from this equation that the shear stress decreases with the inverse of radial position 
between the two cylinders. Hence, by operating the Couette device at sufficiently low rotation 
rates, it is possible to create conditions for which 𝜏𝜏𝑟𝑟𝑟𝑟  <  𝜏𝜏𝑦𝑦 at a location in the annular gap, 
i.e. at a location 𝑟𝑟𝑐𝑐 for which 𝑟𝑟𝑖𝑖 < 𝑟𝑟𝑐𝑐 < 𝑟𝑟𝑜𝑜. At this critical location 𝑟𝑟𝑐𝑐, the fluid will no longer 
deform continuously and a stationary solid layer of material will coat the inner surface of the 
fixed outer cylinder (see Figure 2.1). Hence, by simply measuring 𝑇𝑇, 𝐿𝐿, and 𝑟𝑟𝑐𝑐, Eq. (2.4) can 
be used to find the yield stress as follows: 
            




Determination of Rheological Model Parameters 
A wide-gap Couette flow device (Figure 2.2) was used to carry out experiments in order 
to determine the yield stress, as described in section 2.2. The temperature inside the flow device 
was controlled by using a circulating water bath surrounding the entire flow cell, as in the 
experiments described in section 1.2.  Torque measurements were provided by a torque meter 
installed between the electric motor and the rotating inner cylinder shaft. The radii of the inner 
and outer cylinders are given by ri = 7.6 cm and ro = 9.4 cm. Because drainage of the Pfizer 
holding tank into the packaging hopper occurs in the range 30-35◦C, experiments were 
performed at both 30◦C and 35◦C.  
 




After filling the Couette cell with ointment and accelerating the inner cylinder to the 
desired angular velocity, the radial location of the boundary between the solid layer and the 
fluid, rc (see Fig. 2.1), was monitored as a function of time. From such experiments it was 
determined that 17 hours of cylinder rotation was sufficient to establish a steady-state value of 
rc. In order to obtain an accurate measurement of this critical radius, the reactor was partially 
disassembled so that the solid layer could be viewed from the top (see Figure 2.3). Digital 
images such as the one shown in Fig. 2.3 were subsequently analyzed by averaging 8 
measurements of rc at equally spaced azimuthal locations (also depicted in Fig. 2.3).   
Table 2.1 summarizes results for the measured torque on the rotating inner cylinder and the 
location of rc for the two temperatures considered and for different inner cylinder rotation 
speeds. Also shown are corresponding values for the yield stress, τy, computed from Eq. (2.5). 
Note that for fixed temperature, the computed values of τy are essentially independent of 
cylinder rotation speed, which is as expected.  The average values for τy at 30◦C and 35◦C are 
90.15 and 74.4 N/m2, respectively. The decrease in yield stress with increasing temperature 
 
 
Figure 2.2. Experimental setup for determination of yield stress. 
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makes sense physically, as the long chain molecule entanglement responsible for the yield 
stress behavior becomes less robust at higher temperatures. Extrapolation of these results to 
37◦C (body temperature) yields an estimate of τy = 68.1 N/m2. This value is reasonably 
comparable with a published value in (Nguyen and Boger 1987) for petroleum jelly at 37 ◦C 
of 33.8 N/m2 when one considers that the subject ointment has a significant amount of 
propylene glycol and many other additives.  
 
Because the nominal temperature of interest for the tank draining operation was identified as 
32◦C, the mean values for τy obtained from Table 2.1 were interpolated to find τy as 
approximately 84 N/m2. However, this is only one of three parameters required for a Herschel-
Bulkley fluid defined by Eq. (2.1). In order to find values for the exponent n and the 
consistency index η, stress-strain data is required. Pfizer provided such data for the subject 
 
 Figure 2.3. Top view of the disassembled Couette flow cell after 17 hours of cylinder 
 rotation. The "solid" layer is seen as the light orange annular ring. The thin white 
 radial lines represent the eight equally spaced rays along which rc was measured.  
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ointment at 32◦C, from which it was straightforward to perform nonlinear regression of Eq. 
(2.1). The resulting model parameter values were found to be: τy = 87.4 N/m2, n = 0.704, and 
η = 2.57. Note that the fitted value for the yield stress is nearly identical to the experimental 
value of 84 N/m2, thereby providing great confidence in this fitted set of parameters. Hence, 
for any CFD simulations, the Herschel-Bulkley parameters could be taken as τy = 87.4 N/m2, 





Table 2.1. Results of torque measurement on the rotating inner cylinder for two temperatures 
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Iowa State University, Ames, IA 50011 
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The stability of a topical ointment primarily consisting of an emulsion of propylene 
glycol droplets dispersed in a continuous white petrolatum medium was studied using optical 
methods to monitor droplet size growth and phase separation when the ointment undergoes 
heating or fluid shear.  To investigate the effects of shear, ointment at 32°C was sheared using 
a transparent narrow-gap temperature-controlled Couette flow apparatus operated under 
laminar flow conditions and that provided approximately uniform shear rates. Optical 
microscopy was used to obtain time-dependent in-situ propylene glycol droplet size 
distributions, while simultaneously a wide-field lens and camera were used to detect gross 
phase separation as the ointment was sheared. Microscopy was also used to observe and 
quantify ointment stability via analysis of droplet size evolution in the absence of fluid shear 
for a range of elevated temperatures. For quiescent ointment, it was observed that the dispersed 
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propylene glycol droplets do not exhibit any appreciable growth over a period of two months 
and temperatures as high as 45°C. In contrast, fluid shear imposed at 32°C was observed to 
cause rapid growth of dispersed phase droplets and the onset of large phase separated regions 
on time scales ranging between a few minutes to approximately half an hour for fluid strain 
rates ranging between 50 s-1 and 5 s-1, respectively.  
Introduction 
Emulsions are the result of dispersing two or more immiscible fluids into each other. 
The stability of a dispersion depends on the balance of cohesive and fragmentative forces 
acting on the fluid-fluid interfaces between immiscible phases as well as the collision 
frequency between droplets. This stability may last from several hours to many years.  
Emulsions are often used in the pharmaceutical industry, and one common application 
of emulsions is in the manufacturing of medicated ointments. Phase separation in these 
ointments after production is a significant concern, as it could cause a decrease in efficacy as 
well as dosing problems. Throughout the manufacturing, shipping, and storage of these 
products, the ointment can encounter circumstances that accelerate phase separation. Such 
separation could occur, for example, while storing the product in a holding tank, filling tubes 
with the ointment, and transporting the product.  Some of the stimuli that can affect product 
stability are elevated temperature, shear stress, droplet size (Rahn-Chique and Urbina-Villalba 
2017), and dispersed volume fraction (Mishra, Kresta, and Masliyah 1998; Caserta et al. 2005). 
Ointment stability can be improved by adding surfactants such as paraffin wax (Li et 
al. 2009) or clay particles (Dinkgreve, Velikov, and Bonn 2016; Li et al. 2009; Nonomura and 
Kobayashi 2009). Hunter et al. (2008) described the role of particles in stabilizing emulsions 
12 
and how adding a surfactant can affect interactions between particles. Surface tension also 
varies with temperature, and as a result, the coalescence rate is related to temperature as well. 
Kostansek (2004) showed that in polymer emulsions, increasing temperature increases the 
aggregate size especially if the glass transition temperature of that particular mixture is 
exceeded. Hempoonsert et al. (2010) claimed that in an olive oil – water emulsion, floccule 
sizes were smaller at lower temperatures. However, the reverse relation between temperature 
and coagulation time was also observed for the stability of milk protein by Davies and White 
(1966). Yi et al. (2014) found that increasing temperature increases the probability of the 
coalescence of two droplets after collision.  
Another important factor impacting liquid-liquid phase separation is the shear stress 
exerted on the emulsion. Typically, during their manufacture, ointment components undergo 
large shear and strain rates at elevated temperatures in order to disperse one phase into small 
droplets uniformly mixed into the continuous phase. During this homogenization process, 
droplet breakage is dominant compared to coagulation due to the fact that most of the turbulent 
energy is dissipated at sufficiently small length scales to cause droplets to rupture. However, 
at room temperature and relatively low shear rates, the emulsion can become coagulation-
dominated due to shear-induced droplet collisions and the absence of turbulent eddies 
sufficiently small and energetic to cause droplet breakage (Fredrick, Walstra, and Dewettinck 
2010). The mechanism of shear-induced drop coalescence has been studied in detail and it 
generally depends on the balance between the shear and inter-droplet forces, as well as the 
susceptibility of the thin film between adjacent droplets to rupture (Whitby et al. 2011). For 
example, Mishra et al. (1998) showed that by increasing shear stress on an oil-water emulsion 
from 81 s-1 to 213 s-1, the rate of droplet growth increases drastically. Similar results were 
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found by (Fuller et al. 2015) for higher shear rates between 500 s-1 to 2000 s-1 and by 
(Mazumdar, Jammoria, and Roy 2017) for lower shear rates of 10, 15, and 20 s-1. 
In the work presented here, the effects of temperature and shear rate on phase separation 
time scales are considered for a topical ointment manufactured by Pfizer Inc. First, in the 
absence of shear stresses the stability of the ointment was assessed by using optical microscopy 
to measure dispersed phase droplet sizes over extended time periods at constant temperatures 
varying between 30◦C and 45◦C.  Next, the ointment was subjected to uniform shear rates at a 
constant temperature (32◦C), and characteristic coagulation and phase separation time scales 
were measured based upon observed drop size evolution and the onset of gross segregation of 
the immiscible fluid phases. As a result of these measurements, an empirical expression 
relating shear rate and characteristic phase separation time was developed. 
Materials and Experimental Procedure 
Materials Used 
The experiments were performed on a placebo ointment that contained all the 
components in a Pfizer medicated ointment except for the active pharmaceutical agent. The 




Table 3.1. Formulation of the under-experiment ointment 
 Name of ingredient Role of ingredient Amount (% w/w) 
Continuous phase 
White petrolatum Primary vehicle 79% 
Paraffin wax Viscosity enhancer 5% 
Mono- and di-glycerides Emulsifier/surfactant 7% 
Dispersed phase Propylene glycol Contains dissolved drug 9% 
   Total: 100% 
 
The product is an opaque ointment in which the dispersed phase cannot be observed 
easily inside the continuous phase. To increase the contrast between the dispersed phase and 
continuous phase, the fluorescent dye Rhodamine 6G was added to the propylene glycol. The 
Rhodamine remained in the propylene glycol because it is insoluble in white petrolatum. In 
preparation for the experiments, the placebo was heated up to 51◦C. At this temperature the 
emulsion rapidly separates, and the ointment’s viscosity drops drastically. Once the 
components were separated, the Rhodamine was added to the propylene glycol, and then using 
a Bella hand immersion blender (Model BLA14460) operated at the highest speed setting, the 
propylene glycol was dispersed into the white petrolatum until the placebo cooled to 45◦C in 
the absence of heating. This procedure of placebo preparation was used in both the quiescent 
and shear stress experiments. 
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Experimental setup for observation of droplet growth in the absence of shear  
After preparing the placebo using the described protocol, a 1000 ml beaker containing 
the placebo was submerged in a water bath held at the temperature of interest. The experiments 
were performed at water bath temperatures of 30◦C, 35◦C, 40◦C and 45◦C. Samples of the 
placebo were periodically extracted from the vessel and imaged at a magnification of 10X 
using a Nikon Eclipse TE300 inverted microscope illuminated by a 750 W Nikon Xenon lamp. 
The microscope was fitted with an imaging filter cube such that the placebo was illuminated 
with green light (to best excite the dye), and collected images were filtered with a long-pass 
filter with a cut-off wavelength of 560 nm, so that only light emitted by the fluorescent dye 
was imaged. An example of a raw image collected using this technique is shown in Fig. 1 in 
which propylene glycol droplets can be observed. The raw images were processed using the 
widely-used image processing software ImageJ, which was used to increase contrast, to filter 
noise, and to threshold the droplets for subsequent measurement of size and shape (ellipticity). 




Experimental setup to study droplet coalescence and phase separation with fluid 
shear 
 
To impose a controlled and nearly uniform shear stress on the placebo, a Couette flow 
cell with a narrow annular gap was employed. A schematic of the apparatus is shown in Fig. 
2. To allow for optical access to the annular gap containing the ointment, the fixed outer 
 
Figure 3.1. Image processing procedure 
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cylinder was constructed of transparent Plexiglas. The Couette device was also surrounded by 
a transparent annular heated circulating water bath in order to maintain the temperature of the 
placebo at 32◦C in all experiments. The length of the flow device was 43 cm. The inner 
diameter of the outer cylinder was 6.6 cm, and the outer diameter of the inner cylinder was 6.0 
cm, resulting in a 3 mm annular gap. This small gap results in circular laminar flow with nearly 
uniform shear rate. The inner cylinder of the reactor was rotated using a computer-controlled 
electric motor (Applied Motion STM 23S-3AN). The rotation speed of the inner cylinder 
varied from 5 RPM to 45 RPM, resulting in shear rates of approximately 5 - 50 s-1 and 
azimuthal Reynolds numbers ranging between 2.5x10-3 and 0.15. The shear rate can be 
approximated using the velocity profile for flow between parallel plates (because of the narrow 
gap of the reactor), thereby resulting in the following expression for the shear strain rate: 






   ,    (1) 
The azimuthal Reynolds number is defined as: 
                  









In Eqn. 2, ρ is the density and μ is the viscosity of the continuous phase fluid (white 
petrolatum), 𝜔𝜔i is the angular velocity of the inner cylinder, and 𝑟𝑟i and 𝑟𝑟o are the radii of the 
inner and outer cylinders, respectively. 
The procedure to fill the reactor consisted of first removing the inner cylinder and then 
pouring 120 ml of the placebo into the reactor. Then the inner cylinder was slowly inserted 
back into the reactor resulting in the placebo filling the annular gap. After filling the reactor, 
15 minutes were allocated to allow the placebo to reach the operating temperature. 
Subsequently, the inner cylinder began rotating at the desired speed. 
Photographs of the experimental setup including the reactor and cameras are shown in 
Fig. 3. Two digital cameras were used. One of the cameras (Canon T7i), denoted as “camera 
 
Figure 3.2. Schematic view of Couette reactor 
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1” in Fig. 3, was equipped with a Canon 65 mm variable magnification (1X-5X) macro lens. 
This camera was placed at the minimum practical working distance, which resulted in a 
magnification of 4X. This setting provides a 3 mm field of view and was used to record 
propylene glycol droplets passing through the interrogation area.  For this lens, the minimum 
lens aperture did not provide sufficient depth of field to provide sharp images, so an aperture 
mask with a 5.5 mm diameter hole was attached in front of the lens. Finally, since Rhodamine 
6G has a peak emission frequency of 555 nm, an orange filter was also placed in front of the 
macro lens.  
Three synchronized electronic flashes (Yongnuo YN560-IV Speedlite) set to an output 
range of 1/8 of the maximum power were positioned around the lens and pointed towards the 
flow cell with approximately 120 degrees angular separation between each flash. This spacing 
resulted in sufficient and well distributed light for image capture. Moreover, the short flash 
duration froze the droplet motion. Since the peak excitation frequency of the Rhodamine 6G 
is 532 nm, these flashes were fitted with green gel filters so that the test section was only 
illuminated with green light. In order to calibrate the size of the imaged droplets, images of 
calibration particles with nominal diameters of 9.7 ± 0.4 μm, 25.1 ± 0.7 μm, and 39.6 ± 1.5 μm 
were collected and analyzed, and a calibration curve was constructed using these data.  
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The second camera (Canon T3i), denoted as “camera 2” in Fig. 3, was equipped with an 18-55 
mm zoom lens and was located far enough from the flow cell that the entire height of the device 
could be imaged. This camera was used to detect any large-scale regions (often appearing as 
irregular blobs) of separated propylene glycol in the reactor. These regions could easily be 
identified because they have different color than the surrounding white petrolatum.  
After starting the inner cylinder rotating, photographs of the reactor were taken by both 
cameras automatically every 14 seconds. This interval was chosen because the minimum 
interval for recharging the flashes was 7 seconds, and thus the camera timing was staggered so 
that one of the cameras took a picture, then seven seconds later the other camera took a picture, 





Figure 3.3. Experiment set-up for ointment separation under fluid shear at 32 °C 
Flash 1 
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Camera 1- Macro 
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As with the images in the quiescent fluid experiments, some image processing of the 
raw images was needed, but a different processing steps were used for images collected with 
cameras 1 and camera 2. These image processing procedures are summarized in Figs. 4 and 5. 
As in the quiescent fluid experiments, the image processing was performed using ImageJ.  
 
 
Figure 3.4. ImageJ processing steps for images captured from 
Camera 1.  
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Theoretical analysis 
As previously mentioned, the field of view for camera 1 is approximately 3 x 3 mm 
square, and therefore it cannot be used to measure propylene glycol droplets with diameters 
larger than approximately 3 mm. In order to analyze the temporal droplet growth data, the 
distribution of mass among droplets of various sizes in a system undergoing coagulation in a 
closed system was considered. Such a system can be represented by the coagulation population 
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where ck is the concentration of droplets with mass k and Kij is a matrix of reaction rate 
constants known as the aggregation kernel.  
Analytical solutions of Eq. (3) can be obtained for simple forms of the aggregation 
kernel. For example the constant, Kij=K, and sum, Kij=K(i+j), kernels admit analytical 
solutions and can be used to approximate coagulation due to Brownian motion (Smoluchowski 
and Von Smoluchowski 1917) and shear-induced coagulation (Friedlander 1977), respectively. 
In the Couette shearing experiments, therefore, the sum kernel provides an approximation of 
the physics governing droplet coagulation. The respective analytical solution (for a 
monodisperse initial condition) for the evolution of the droplet size distribution is given by 




u ku ec t
k
− −−
=   ,  (4) 
where 1 tu e λ−= − , λ = KM1, and M1 is the total mass of droplets, as defined by Eq. 6 below. For 
sufficiently long times, Eqn. 4 simplifies to  
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The moments, Mn, of the droplet size distribution can be calculated from  
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Choosing n = 0, M0 represents the total concentration of droplets in the system. 
Similarly, M1 represents the total mass of droplets in the system, which is a conserved 
quantity in a closed system. 
However, camera 1 can only track droplets smaller than a critical size N due to the 
small field of view, and therefore the summation above must be truncated at this maximum 
size. Thus the partial first moment can be defined as 
      1
1
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And it is worth remembering that this quantity, in contrast to M1, is not conserved. By 
substituting Eq. 5 into eq. 7 the following expression for the partial first moment results: 
1
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 From Eqn. 8 it can be deduced that the characteristic time scale for aggregation is 
given by 
1/aggt λ≈  ,   (10) 
The characteristic time is defined as the time required for the fraction of the mass 
residing in droplets smaller than some maximum size N to decrease by half. Eq. 8 suggests that 
the mass concentration observed in the images from camera 1 should decrease exponentially 
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in time. To investigate this expectation, the projected area of each droplet in the collected 
images was calculated by assuming that all the droplets were spherical. With this assumption, 
the mass of a droplet with imaged area of Ai is calculated as 








= = ,    (11) 
Thus, the partial mass as measured in the collected images can be calculated using Eq. 12: 







M N t A
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Therefore, using images collected using camera 1, plots of ln (M1(N, t)) versus t can be 
used to estimate the characteristic coagulation time scale. 
Results and Discussion 
Droplet growth in the absence of shear 
Data were collected for the quiescent fluid droplet growth experiments for each 
temperature for up to one month so that the long-term stability of the placebo could be 
investigated. The Sauter mean diameter of the droplets for each sampling time was calculated 
using an ensemble size of at least 1000 droplets as explained in detail by Ramezani et al. 
(Ramezani et al. 2015).  The results of these experiments are shown in Fig. 6, which plots the 
variation of the Sauter mean diameter for propylene glycol droplets over time for four 
temperatures: 30°C, 35°C, 40°C, and 45°C. The error bars represent 95% confidence intervals.  
As can be seen in Fig. 6, no evidence of droplet growth was observed over the course 
of the experiments at all four temperatures investigated. In all four cases, the droplet Sauter 
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mean diameter remains between 10 and 15 µm. It can therefore be concluded that although 
temperature plays an important role to trigger phase separation - and experience has shown 
that heating the ointment to a temperature to 51◦C results in a phase separation time of less 
than two hours – nevertheless in the absence of shear stress the emulsion remains stable up to 





Figure 3.6. Droplet diameter as a function of time in quiescent fluid (no shear stress) 
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Droplet coalescence and phase separation rate with fluid shear 
The experiments in the Taylor-Couette reactor were performed for rotational speeds of 
5, 7, 10, 12, 15, 25, 35, and 45 RPM, corresponding to shear rates ranging from 5.5 to 50 1/s 
at a fluid temperature of 32°C. As was previously described, the two cameras provide different 
information on the evolution of the propylene glycol droplets. Camera 1 provides a small field 
of view that allows direct visualization and measurement of individual droplets.  Camera 2 
provides a wide field of view that captures the entire reactor height and allows for large-scale 
regions of phase separated propylene glycol to be imaged and measured.  
Figures 7 and 8 present droplet partial mass results as measured by camera 1 for two 
different shear rates, 5.5 1/s and 27.3 1/s. For each case, the measurements were repeated at 
least 3 times, and the individual realizations are plotted to display the repeatability of the 



















  Figure 3.7. Semi-log plot of partial mass vs time for a shear rate of 5.5 1/s. 
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Shear Rate = 5.5 1/s
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Using Eq. 8, the value of the parameter λ = KM1 can be extracted from the slope of the 
fit line for each realization. Then, by computing the mean value of λ from the ensemble of 
realizations, the characteristic aggregation time can be obtained as 1/λ. This characteristic 
aggregation time was then plotted versus shear rate, as shown in Fig. 9. The filled black circles 
are the mean values of the three realizations and are shown with error bars. In Fig. 9, an inverse 
relationship between shear stress and aggregation time is observed. Although no strong 
 
Figure 3.8. Semi-log plot of partial mass vs time for a shear rate of 27.3 1/s obtained from Camera 1 images. Ten 




relationship is observed, the characteristic aggregation time appears to decrease with 
increasing shear rates, at least for the largest shear rates investigated.  
 
 
Whereas camera 1 provides a small field of view allowing individual propylene glycol 
droplets to be identified and measured, the wide field lens used on camera 2 allows for imaging 
of the entire reactor length, which in turn allows for large-scale phase separation to be detected. 
Specifically, large propylene glycol coagulates take on irregular shapes (blobs) due to shear 
 
Figure 3.9. Aggregation time scale as a function of shear rate based upon Camera 1 data. 































forces, and these can easily be detected and measured by increasing image contrast. As one 
might expect, the blob stretching is primarily in the direction of rotation. By measuring the 
image area occupied by propylene glycol blobs as a function of time, it is possible to quantify 
the onset of phase separation.  
Figure 10 shows propylene glycol area results as measured by camera 2 for a shear rate 
of 5.5 1/s. At the beginning of the experiment, because of the high viscosity of the placebo, it 
can be difficult to place the ointment uniformly into the annular gap without creating some 
small air pockets. However, after several minutes of cylinder rotation, these air pockets escape 
through the head space at the top of the reactor. Unfortunately, it is difficult to distinguish these 
small air pockets from propylene glycol, so in some cases the propylene glycol area 
measurements at short times after commencing fluid shear are artificially elevated until the air 
pockets leave the flow cell. This phenomenon helps to explain the results shown in Fig. 10. In 
two sets of experiments shown in Fig. 10, for approximately the first 700 seconds no significant 
change is observed in the droplet phase measured area. However, in the third trial of the 
experiment, at the beginning of the experiment an apparent reduction in droplet phase area 
occurs for the first 400 seconds until the measured droplet phase area reaches that of the other 
two trials.  
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All three trials shown in Fig. 10 display a sharp increase in droplet phase measured area 
between 600-800 seconds after shearing of the ointment commences. This rapid growth of 
droplet phase area can be considered as a visual cue for the onset of phase separation. Similar 
phase separation was observed for other shear rates investigated, and these data are presented 
in the supplemental file.  
 
The sudden onset of a rapid growth rate regime for large polypropylene glycol 
coagulates provides an easily observable characteristic time scale for phase separation. Figure 
11 shows this characteristic phase separation time scale plotted against shear rate. It is evident 
Figure 3.10. Propylene glycol area as a function of time - Camera 2 images. Colors denote 






















Shear rate = 5.5 1/s
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that the characteristic separation time decreases rapidly with increasing shear rate, particularly 
between 5 – 20 s-1, and this dependence on shear rate is well approximated by a power-law 
relation as indicated by the equation and solid line in Fig. 11.  
A comparison of Fig. 9 with Fig. 11 shows that the characteristic time scale for 
coagulation, which was obtained by using Eq. (8) to fit time plots of the partial mass is 
approximately a factor of 3-5 times greater than the characteristic phase separation time scale 
discussed above.  Both characteristic time scales for growth of propylene glycol coagulates 
exhibit a decrease with increasing shear rate, at least for the highest shear rates considered. 
However, the coagulation times scales obtained from camera 1 are less sensitive to shear rate 
and do not decrease monotonically at the lowest shear rates investigated. The small 
interrogation area (and associated small range of detectable droplet sizes) may be the cause for 
the apparent discrepancy as well as the much larger variation from one experiment to the next 





Experimental measurements were performed to investigate the impact of temperature 
and shear rate on phase separation for a pharmaceutical ointment. An emulsion of propylene 
glycol as the disperse phase and white petrolatum as continuous phase was used as the base 
material. Phase separation of the ointment was investigated using two different experimental 
setups. In the first set of experiments, droplet sizes in a quiescent ointment were measured over 
a month for constant temperatures set between 30°C to 45°C. In the second set of experiments, 
temperature was fixed at 32°C in a Taylor-Couette flow device with annular gap width of 3 
 
Figure 3.11. Separation time scale vs shear rate based on Camera 2 data. Filled circles 
































mm. In this device a constant shear strain rates ranging between 5 1/s to 50 1/s were exerted 
on the emulsion to investigate the impact of shear on aggregation rate. 
Although increasing temperature of the ointment causes a decrease in the viscosity of 
material, resulting in greater droplet mobility and hence, and increase in the possibility of the 
droplet-droplet collisions, results from the first set of experiments revealed that although this 
ointment does phase separate when the temperature is sufficiently high (approximately 51°C), 
it will not phase separate in the absence of shear provided that the temperature does not exceed 
45°C. Elevated temperature alone cannot induce phase separation over time periods of at least 
one month at these lower temperatures. Furthermore, in the absence of shear there is no 
evidence of dispersed phase droplet growth under these conditions, as revealed by microscopy.  
Experiments on the ointment showed that this mixture is a shear thinning material, thus 
with increasing shear rate, the viscosity of the ointment drops. One might expect droplet-
droplet collisions to increase in this case, resulting in decreased phase separation time.  In the 
second set of experiments, this expectation was investigated and the evolution of the dispersed 
phase droplets was observed using in-situ optical microscopy, while simultaneously a wide-
field camera was used to detect the onset of gross phase separation. Temporal analysis of the 
resulting images was used to extract characteristic aggregation and separation time scales, and, 
indeed, these were found to decrease with increasing shear strain rate.  This decrease in 
separation time with increasing shear rate was found to follow a power law relation.  
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CHAPTER 4.    CONCLUSION AND FUTURE WORK 
Conclusion 
In the previous chapters, the results of a research program designed to assess the phase 
separation vulnerability of a white petrolatum/propylene glycol-based ointment under 
conditions typical for storage (no shear, elevated temperatures) and packaging (mild fluid 
shear, constant temperature) were described. The major findings of these studies are as follows: 
1. Ointment held at constant temperatures ranging between 30°C and 45°C for up to two 
months does not exhibit any signs of progression towards phase separation. 
2. The subject ointment exhibits both shear thinning and yield stress behavior, and 
therefore the Herschel-Bulkley model is the appropriate constitutive relation for 
simulating ointment behavior under shear conditions. Also, Herschel-Bulkley 
parameters for the given ointment is extracted trough designed experiment. 
3. Sheared ointment held at 32 °C exhibits phase separation with a characteristic 
separation time that decreases with increasing shear strain rate.  
 
Although the conclusions stated above seem to suggest that the subject ointment is 
generally stable against phase separation during storage and packaging, it should be 
emphasized that these finding apply to specific well-controlled conditions and should not be 
extrapolated to other situations. For example, whereas no evidence of phase separation was 
found in the absence of shear at temperatures up to 45 °C, it is possible that regularly subjecting 
the ointment to regular but brief periods of shear (such as might occur with daily use of the 
product) at these elevated temperatures could cause dispersed propylene glycol droplets to 
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undergo coalescence. Our experience in working with this material is that the combination of 
shear stress and elevated temperatures leads to very rapid phase separation.  
Quantification of phase separation when the ointment undergoes shear is a challenging 
task. First, there is no single well-defined criterion for recognizing the onset of phase 
separation (e.g. what droplet size or size distribution constitutes phase separation?). Second, 
because of the need to selectively dye the dispersed phase, the experimental procedure required 
separating the phases and then recreating a dispersion. As a result, the droplet size distribution 
of the re-created dispersion is likely different than the original ointment. Indeed, a comparison 
of droplet size distributions obtained from microscopy in the first part of the project (i.e. no 
fluid shear) with those measured in separate microscopy studies by Pfizer support the 
hypothesis that the process of separating and re-dispersing the propylene glycol resulted in 
droplets with a larger mean size than the original ointment. Consequently, experiments using 
separated and re-dispersed material likely underestimate the time required for the Pfizer 
ointment to undergo phase separation.  
With respect to packaging operations, temperature control is paramount. The studies of 
phase separation described in this report were performed at a single temperature. It is likely 
that an increase of even a few degrees significantly impacts (shortens) the characteristic 
separation time scale when the ointment is undergoing shear. Indeed, the finding that the yield 
stress decreases by approximately 17.5% as the temperature increases from 30 to 35 °C 
suggests that the shear-thinning behavior of the ointment becomes even more conducive to 
phase separation with increasing temperature. Nevertheless, at an operating temperature of 32 
°C, it appears that there is a large margin for error before phase separation occurs (Figure 2.10) 
in the current Pfizer packaging operation, provided that downstream piping is not lengthened. 
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However, if Pfizer plans to change operating or design parameters, it would be advisable to 
carry out additional phase separation time scale experiments over a wider range of 
temperatures and shear rates.  
Future works 
As discussed in previous section, the impact of shear rate on droplet coalescence was 
determined only at a single temperature. However, based on our experience, we expect that 
increasing temperature in presence of shear rate can accelerate phase separation drastically. 
Moreover, similar methodology can be implemented on other ointments to see impact of 
composition on the phase separation. Finally, in this study, the impact of shear rate on 
coalescence is investigated for shear rates of less than 50 s-1; however, it is known that high 
shear rates results in droplet breakage. Thus, suggestions of the author for future work 
includes: 
1. Investigating the impact of temperature on phase separation of the ointment in the 
presence of shear Investigating phase separation during storing and packaging for 
other ointments using the presented method 
2. Investigating the impact of higher shear rates and finding transition behavior where 
shear rate results in droplet coalescence and droplet breakage by repeating the 
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APPENDIX A. SEMI-LOG PLOTS OF PARTIAL MASS VS. SHEAR RATE FROM 
DATA OBTAINED USING CAMERA 1 
Figure A-1. Shear rate = 7.7 1/s 
Figure A-2. Shear rate = 10.9 1/s 
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Figure A-3. Shear rate = 13.1 1/s 





Figure A-5. Shear rate = 38.3 1/s 
Figure A-6. Shear rate = 49.1 1/s 
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APPENDIX B. PLOTS OF PROPYLENE GLYCOL AREA VS. TIME FROM 
CAMERA 2 IMAGES 
Figure B-1.Shear rate = 7.7 1/s 






Figure B-3.Shear rate = 13.1 1/s 










Figure B-5.Shear rate = 27.3 1/s 






























Figure B-7.Shear rate = 49.1 1/s 
